To investigate the detailed distributions of microtubules in cultured cells and intact tissues we developed a reversible embedment method for antibody labeling of sectioned material. Fixed tissues were infiltrated with fully polymerized polymethyhmethacrylate dissolved in an organic solvent. Evaporation of the solvent left the tissue embedded in hard plastic. After sectioning by conventional methods, the plastic was extracted and sections were processed for indirect immunofluorescence to label microtubules. Clear images of microtubules were observed in sections of cultured epithelial cells, intact chick intestinal epithelium, and dividing sea urchin eggs. Microtubules in the differentiated epithelium of the chick intestine generally paralleled the long axis of the cells and did not focus on a microtubule-organizing center. Mitotic cells of the intestinal epithelium appeared similar to the mitotic cells of epithelial lines in culture. In sections of dividing sea urchin eggs detailed images of spindle and astral fibers were revealed. Immunoelectron microscopic labeling for tubulin was performed on sections of Pt K1 cells using secondary antibodies adsorbed to 20-nm gold particles. Semi-thick sections viewed by high-voltage electron microscopy showed both the overall distribution of microtubules and their detailed interactions with other cellular organelles. Mitochondria were often aligned along labeled microtubules. Reversible embedment cytochemistry should provide a general method for high resolution labeling of cells and tissues with affinity probes.
ABSTRACT
To investigate the detailed distributions of microtubules in cultured cells and intact tissues we developed a reversible embedment method for antibody labeling of sectioned material. Fixed tissues were infiltrated with fully polymerized polymethyhmethacrylate dissolved in an organic solvent. Evaporation of the solvent left the tissue embedded in hard plastic. After sectioning by conventional methods, the plastic was extracted and sections were processed for indirect immunofluorescence to label microtubules. Clear images of microtubules were observed in sections of cultured epithelial cells, intact chick intestinal epithelium, and dividing sea urchin eggs. Microtubules in the differentiated epithelium of the chick intestine generally paralleled the long axis of the cells and did not focus on a microtubule-organizing center. Mitotic cells of the intestinal epithelium appeared similar to the mitotic cells of epithelial lines in culture. In sections of dividing sea urchin eggs detailed images of spindle and astral fibers were revealed. Immunoelectron microscopic labeling for tubulin was performed on sections of Pt K1 cells using secondary antibodies adsorbed to 20-nm gold particles. Semi-thick sections viewed by high-voltage electron microscopy showed both the overall distribution of microtubules and their detailed interactions with other cellular organelles. Mitochondria were often aligned along labeled microtubules. Reversible embedment cytochemistry should provide a general method for high resolution labeling of cells and tissues with affinity probes.
The distribution of cellular microtubules is conveniently revealed through the use of antibodies coupled to markers that can be visualized by light or electron microscopy. In whole mount immunofluorescence of cells grown on coverslips, individual microtubules are ordinarily resolved only in thin cellular processes. Often these same cells round up in mitosis, further obscuring the pattern of individual microtubules. The resolution in thicker regions of cultured cells can be improved by labeling cells, embedding them in plastic, and cutting sections <1 u.m (1). For intact tissues, where the penetration of antibody probes is more limited, postembedding labeling of sectioned material is more common. However, the paraffin or cryostat sections used in classical immunocytochemistry are simply too thick (>2 ,um) to allow clear observation of single microtubules.
At the electron microscopic level, the conflicting demands of probe visibility and specimen contrast and of antigen accessibility and structural preservation render many immunolabeling techniques laborious and/or unreliable. Even peroxidase, a small marker, often shows only limited penetration into intact pieces of tissue (2) . Special tissue permeabilization treatments can aid the penetration of immunological reagents (3) (4) (5) , but the larger probes (e.g., ferritin and very small gold particles) penetrate even more poorly and give limited contrast, making visualization possible only at very high magnifications. Tracing the extended arrays of cytoskeletal elements is also limited by the necessity to observe thin sections which contain only a small fraction of the microtubules present in a cell.
One approach toward minimizing the problem of antigen accessibility has been to develop post-embedding methods for high-resolution immunoelectron microscopy. Commonly, antibodies coupled to electron-dense markers are applied to thin sections of samples embedded in Epon (6-10) or various acrylic plastics (11) (12) (13) (14) (15) (16) (17) (18) . However, since the plastic remains during labeling, antibodies apparently bind only to those antigens exposed at surfaces of the section (19 (20) (21) (22) (23) (24) (25) (26) or in a hard wax such as polyethylene glycol (PEG) (27, 28) . Subsequently, the embedding medium is removed and antibodies are applied. Parysek et al. (29) Proc. Natl. Acad. Sci. USA 82 (1985) Proc. Natl. Acad. Sci. USA 82 (1985) 6891 formed by standard procedures (30) using a rat monoclonal anti-tubulin antibody (a gift from John Kilmartin, Medical Research Council, Cambridge, England) and a fluoresceinated goat anti-rat antibody (Cooper Biomedical, Malvern, PA). After labeling the coverslips were air-dried, mounted in 10% polyvinyl alcohol containing p-phenylenediamine at 1 mg/ml and observed with a Zeiss Universal microscope equipped with epifluorescence optics.
Sections on grids were labeled by the immunogold procedure of DeMey (31) except that incubation with the goldconjugated secondary antibody was done for 6 to 8 hr. After labeling, grids were washed with water and postfixed with 0.1% osmium tetroxide, 1.0%6 uranyl acetate (wt/vol). Grids were rinsed in water, dehydrated in acetone, and dried by the critical point method incorporating the precautions advised by Ris (32) . Samples were observed at 1 MV with an AEI-7 high-voltage electron microscope.
RESULTS
Typically, immunofluorescence images of cultured cells are obtained from whole mount preparations. In these preparations, microtubules can be identified as long fibers but they are clearly resolved only at the cell periphery (33) . In the nuclear region, the cell thickness (5-10 Arm) and the number of microtubules (upward of a hundred) have precluded the visualization of single fibers. Using the REC method, we visualized the microtubule network in sections of cultured interphase epithelial cells with indirect immunofluorescence (Fig. 1 a and b) . Individual fibers, presumably single microtubules, were clearly resolved throughout the cytoplasm even near the cell nucleus. Some microtubules that extended only a brief distance in the plane of the section (0.5-gum thick) appeared as very short labeled fibers.
The REC method also permitted us to examine the microtubule network in epithelial cells in intact tissues. Fig.  1 c and d shows a section of chick intestinal epithelium decorated with anti-tubulin. Microtubules parallel the long axes of the cells and terminate abruptly at the terminal web. Unlike the cells in culture, the microtubule pattern in the epithelial cells in tissue is apparently not focused at a MTOC.
The mitotic pattern of microtubule organization was analyzed in a variety of cell types. The cultured cell line, MDCK (Fig. 2 a and b) , was selected because it self-organizes in vitro into an epithelial colony exhibiting cell junctions and apical-basal polarity (34, 35) . Again, the chick intestinal epithelium (Fig. 2c) was our example of an intact tissue, and the sea urchin egg (Fig. 2d) (36) .
At the electron microscopic level, sections of Pt K1 cells treated with anti-tubulin followed by a secondary antibody adsorbed to 20-nm colloidal gold particles revealed intensely labeled tracks of microtubules (Fig. 3) . The fine structure of the unlabeled cytoskeletal filaments was well preserved. Since the embedding plastic is removed in the REC method, the contrast of cytoplasmic structures is greatly increased, facilitating observation of even relatively thick sections. While low contrast immunolabels such as ferritin-linked antibodies would be difficult to discern, 20-nm gold particles were easily visualized even at low electron microscopic magnification. Hence, both the overall pattern of labeled microtubules and the specific interactions of organelles with microtubules are available for study. In Fig. 3b , mitochondria are seen clearly associated with microtubules, and in Fig. 3c Proc. Natl. Acad. Sci. USA 82 (1985) 07-onion focal plane, except in very thin regions such as the periphery of cultured cells. With REC, since sections are observed, such background is eliminated. Thus, fine fibers such as the astral microtubules of the mitotic figures were clearly resolved. In addition, patterns of great complexity in whole mounts such as the microtubule network near the nuclei of cultured cells were more easily visualized through the use of labeled semi-thick sections. If desired, images from serial sections could be used to reconstruct the complete three-dimensional pattern of microtubules.
We found that the majority of microtubules in intact intestinal epithelium were parallel to the basal-apical axes of the cells and were not focused on a MTOC. This distribution is consistent with roles for the microtubules in maintaining the elongated profile of the cells and/or participating in intracellular transport of vesicles from the Golgi and between the apical and basolateral surfaces. The microtubule distribution seen in vivo was quite different from that observed in epithelial cell lines grown in vitro. In cultured cells, most microtubules were parallel to the substratum, and were focused toward a MTOC. In contrast, the mitotic spindles in cells of intact epithelium and in epithelial cell lines showed close structural similarity.
The microtubule network was examined at the electron microscopic level in cultured cells. In sections of Pt K1 cells we were able to view both the extended array ofmicrotubules and examine specific microtubule interactions with mitochondria. Unlike many immunoelectron microscopic studies, where structural associations are dependent upon fortuitous inclusion of interacting elements in the same thin section, we could easily examine sections 0.25-or 0.5-gm thick. Thus far our immunoelectron microscopic studies have been restricted to cultured cells. Gold-labeled antibodies appear to penetrate more poorly into sections of intact tissues. Difficulties in obtaining complete penetration of antibodies into tissues have long plagued immunocytochemistry (2) (3) (4) (5) , and this problem has been noted by investigators using other reversible embedding methods for labeling sections (27) .
Detailed descriptions of microtubule distributions in different stages of the cell cycle, in various differentiated cell types, in embryos, and in cells responding to a variety of experimental treatments are essential for understanding the functions of microtubules. REC should greatly facilitate these studies. In addition, it should be possible to test more adequately whether information from studies using cultured cells can be extrapolated to in vivo systems. Moreover, REC is a general technique that can be used to enhance access affinity labels including antibodies, lectins, and hybridization probes to cellular components. Thus, this method should find wide application in many studies. Other uses of the technique in areas such as direct ultrastructural imaging are presented elsewhere (37) .
